Apparent non-isotropic strain under external stress is quantified as a function of transformed fraction with dilatometric measurement and analysis for IF and low carbon steel. The non-isotropic strain of IF steel increases linearly with a transformed fraction, because fast transformation kinetics minimizes the contribution of creep in austenite and ferrite, and thereby the evolution of non-isotropic strain is mainly governed by transformation plasticity. For low carbon steel, the non-isotropic strain deviates from linear behavior in transformation segment where the creep in austenite and ferrite becomes remarkable due to the slow transformation kinetics. A diffusion controlled model describes well the effect of transformation kinetics on the evolution of non-isotropic strain during the transformation.
Introduction
Transformation plasticity is a deformation phenomenon which is observed when a phase transformation proceeds under external stress even lower than the yield strength of material. [1] [2] [3] [4] [5] [6] [7] The occurrence of transformation plasticity gives rise to the evolution of non-isotropic strain, which means the plastic strain along the stressed axis. The nonisotropic strain can be evaluated from the difference between the observed length change and that expected from the isotropic transformation strain as schematically shown in Fig. 1 . 8) Conventional interpretation of the transformation plasticity was given by Greenwood and Johnson, who suggested that the internal stress created by volume mismatch between allotropic phases plays an important role in generating the non-isotropic strain. 1) However, the transformation plasticity has been observed during recrystallization of IF steel. 9) Since the recrystallization is not associated with the volume mismatch, it is difficult to be understood by the conventional interpretation. Recently, the present authors proposed a diffusion controlled transformation plasticity model which is applicable regardless of the occurrence of volume mismatch. 10) In the diffusion controlled model, the transformation plasticity under externally applied stress was modeled on a diffusion mechanism along migrating phase boundary.
Because the transformation plasticity is accompanied by phase transformation, the evolution rate of the non-isotropic strain is closely related with transformation kinetics. Therefore, for a rigorous investigation on the transformation plasticity, the evaluation of the non-isotropic strain as a function of transformed fraction will be important. To date, however, most of the studies on the transformation plasticity focused on the measurement of non-isotropic strain after completing the transformation, and the coupled analysis on the evolution of non-isotropic strain with the transformation kinetics has been rarely attempted.
The present study aims at coupled analysis of the evolution of non-isotropic strain with the transformation kinetics to clearly show the contribution of transformation plasticity to the apparent non-isotropic strain. A dilatometric technique is employed for the quantification of the non-isotropic strain as a function of transformed fraction. The evaluated nonisotropic strain is compared with the calculated one by the diffusion controlled transformation plasticity model, and the effect of transformation kinetics on the evolution of nonisotropic strain is discussed.
Experimental
Materials used in this study were 0.003C-1.1Mn-0.002B (IF steel) and 0.15C-1.1Mn-0.1Si (low carbon steel) fabricated by vacuum induction melting and hot-rolling. After heat treatment for microstructural homogenization, cylindrical type specimens with dimension of 2 mm() Â 6 mm(L) were machined for longitudinal direction being parallel to rolling direction. Transformation dilatometer was used to apply a thermal cycle under external compressive stress. The specimen was austenitized at 950 C for 3 min followed by Fig. 1 Length change from non-isotropic strain during transformation accompanied by volume change. 8) cooling to 750 C with a cooling rate of 5 C/s. Then the specimen was held for 3000 s to monitor dilatometric behavior during austenite-to-ferrite isothermal transformation. External load was applied to the specimen by weight. Initially applied compressive stress was 0, 1.76 and 2.65 MPa, respectively. Since the dimensional variation of the specimen was around 1% during the thermal cycle, the applied stress was assumed to be constant. Figure 2 shows the change of apparent transformation strain measured by the dilatometry. The apparent transformation strain increases as austenite-to-ferrite transformation proceeds at the isothermal temperature of 750 C. The apparent transformation strains of IF steel in Fig. 2(a) indicate that the transformation starts and completes at almost the same time regardless of given stress levels. It confirms that the applied stress in this study has little influence on the transformation kinetics. On the other hand, the compressive stress reduces the magnitude of apparent transformation strain, and consequently, the apparent strain increment after finishing the transformation is remarkably decreased. Similar effect of applied stress is observed on the apparent strain evolution of the low carbon steel in Fig. 2(b) . In low carbon steel, it should be noted that the austenite-toferrite transformation is not completed in 3000 s at the isothermal transformation temperature.
Results and Discussion
From the dilatometric data of specimen which is not subjected to the external stress, transformation kinetics is evaluated with the dilatometric analysis model proposed by the present authors. 8, 11) The analysis model considers the effect of thermal ratcheting during the dilatometric experiment, and thus permits a quantitative evaluation of transformed fraction together with ideal transformation strain. Figure 3 shows the transformation kinetics of investigated steels. It demonstrates that the austenite-to-ferrite transformation of IF steel completes in 750 s, but that of low carbon steel is not completed in 3000 s. Dissimilar transformation kinetics of IF and low carbon steel is possibly associated with the redistribution of alloying elements during the transformation. For low carbon steel, the redistribution of alloying elements during the ferrite formation will take time, because the equilibrium composition of alloying element in ferrite and austenite is fairly different. On the other hand, the austenite-to-ferrite transformation in IF steel is similar to the polymorphic transformation because the carbon content in IF steel is lower than the solubility limit of ferrite. Therefore, the redistribution of alloying elements does not necessarily occur, which accelerates the transformation kinetics of IF steel compared to that of low carbon steel.
Assuming that small applied stress does not affect the transformation kinetics, the apparent non-isotropic strain developed under external stress can be calculated from the difference between measured apparent strain and ideal transformation strain as follows.
Here, " ideal ðt 1 Þ is an ideal transformation strain at isothermal holding time of t 1 , and " measured ðt 1 Þ is an apparent strain under external stress. Given that the " ideal ðt 1 Þ is calculated from the transformation kinetics of IF and low carbon steel in Fig. 3 , the non-isotropic strain under given compressive stress is evaluated from the measured apparent strain shown in Fig. 2 . The non-isotropic strain evaluated with the eq. (1) is shown in Fig. 4 . It indicates that the occurrence of non-isotropic strain is closely related with the progress of phase transformation and the magnitude of nonisotropic strain is increased as the external stress increases.
The non-isotropic strain corresponding to the given transformed fraction can be obtained by combining the 
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" non-isotropic ðt 1 Þ with the transformation kinetics from the dilatometric analysis. The symbols in Fig. 5 describe the evolution of non-isotropic strain as a function of transformed fraction. It is found that the non-isotropic strain of IF steel has almost a linear relationship with a transformed fraction. In low carbon steel, the non-isotropic strain linearly increases with a transformed fraction until the fraction reaches to around 0.4, however, the non-isotropic strain deviates from the linear behavior when the transformed fraction is over 0.4. Figure 3 indicates that the transformation is completed in 750 s for IF steel, but the transformation of low carbon steel is not finished in 3000 s. In particular, the transformation proceeds quite slowly after the transformed fraction reaches to 0.4. It means that the transformation kinetics affects the evolution of the apparent non-isotropic strain during the transformation.
To investigate the effect of transformation kinetics on the evolution of non-isotropic strain, the non-isotropic strain during isothermal transformation is calculated with a diffusion controlled model. According to the diffusion controlled model of transformation plasticity, the nonisotropic strain during austenite-to-ferrite transformation is formulated as follows. 10 )
where X is ferrite fraction; c v0 is a dimensionless constant determined by the change in thermal entropy associated with the formation of the vacancy and Q f is the vacancy formation enthalpy at migrating phase boundary; k B , and are the Boltzmann constant, the volume of the vacancy, and the effective thickness of the interface, respectively. D s i and d i represent the effective diffusion coefficient at stationary interface and the average grain size of phase i. The dimensionless constant, B c , is known to be 148 for Coble creep. The first term in eq. (2) describes the evolution of nonisotropic strain by transformation plasticity through atomic diffusion along the migrating phase boundary. The second and third terms express the contribution of creep in the untransformed region (austenite) and transformed region (ferrite) to the evolution of non-isotropic strain during the transformation. When the contribution of creep in austenite and ferrite phases is negligible, Equation (2) indicates that the apparent non-isotropic strain is governed by the transformation plasticity, and will have linear relationship with a transformed fraction.
The solid lines in Fig. 5 indicate the apparent non-isotropic strain by eq. (2) and the broken lines denote the contribution of transformation plasticity, which is the first term in eq. (2) . For the calculation, the constant c v0 is adjusted by an optimization procedure, which is done while changing the constant systematically until the sum of the squared differences between the experimental and calculated data reach a minimum.
12) The best fitting values of 1.38 for IF steel and 0.77 for low carbon steel are obtained when the average grain size of austenite and ferrite is assumed to be 35 mm and 10 mm, respectively. Other constants in eq. (2) are taken from the references 10, 13) and listed in Table 1 . The calculated result for IF steel shows that rapid transformation kinetics suppresses the contribution of creep in austenite and ferrite phases, and thus the non-isotropic strain increases linearly with the transformed fraction, which accords well with the measured one. For low carbon steel, calculation with the diffusion controlled model indicates that the evolution of non-isotropic strain is mainly governed by the transformation plasticity until the transformed fraction comes to around 0.4, but the contribution of creep in austenite and ferrite phases is not negligible after that, which is ascribed to the slow transformation kinetics.
It is noted that most of the studies on the transformation plasticity did not confirm the evolution of non-isotropic strain with the progress of phase transformation, and presumed that the apparent non-isotropic strain after completing the transformation came from the transformation plasticity. However, the present study demonstrates that the contribution of creep in the untransformed and transformed region to the apparent non-isotropic strain should be taken into account for the quantitative evaluation of the non-isotropic strain originating from the transformation plasticity, in particular, under slow transformation kinetics.
Conclusions
(1) For isothermal transformation of IF and low carbon steel, apparent non-isotropic strain by external stress is evaluated as a function of transformed fraction with dilatometric measurement and analysis. (2) The evolution of non-isotropic strain is mainly governed by transformation plasticity when the transformation kinetics is fast enough to ignore the contribution of creep in austenite and ferrite. But under slow transformation kinetics, it is also affected by creep in austenite and ferrite phases. (3) The diffusion controlled model describes well the relationship between non-isotropic strain and transformed fraction depending on the transformation kinetics. It permits a quantitative evaluation of the contribution from the transformation plasticity and the creep in austenite and ferrite. 
